Highlights d Rapid evaluation of optimal orientation of a protein for membrane association d Identification of residues or lipid species responsible for membrane association d Prediction of aspects of the protein-membrane interaction to target experimentally SUMMARY Prediction and characterization of how transiently membrane-bound signaling proteins interact with the cell membrane is important for understanding and controlling cellular signal transduction networks. Existing computational methods rely on approximate descriptions of the components of the system or their interactions, and thus are unable to identify residue-or lipid-specific contributions. Our rotational interaction energy profiling method allows rapid evaluation of an electrostatically optimal orientation of a protein for membrane association, as well as the residues or lipid species responsible for its favorability. This enables prediction of which aspects of the protein-membrane interaction to target experimentally, and thus the development of testable hypotheses, as well as providing efficient seeding of molecular dynamics simulations to further characterize the protein-membrane interaction. We illustrate our method on two proteins of the PIP 3 cell signaling system, PTEN and PI3Ka.
Correspondence
In Brief Irvine et al. present a computational method for rapid evaluation of an electrostatically optimal orientation of a protein for membrane association, and the key residues involved. Prediction and characterization of how transiently membrane-bound signaling proteins interact with the cell membrane is important for understanding and controlling cellular signal transduction networks.
INTRODUCTION
In carrying out their physiological roles, proteins must interact with other cellular components. A large proportion of proteins interact with the cell membrane, particularly those involved in signal transduction. It is important to understand how the characteristics of both proteins and membranes affect their interaction, yet few methods are able to provide immediate insight in to the interactions involved in the protein-membrane interface and the role of individual amino acids.
Proteins that interact with the cell membrane may be extrinsic (Gene Ontology [GO]:0019898) or intrinsic (GO: 0031224) components of the membrane. Extrinsic membrane proteins are sol-uble and bind reversibly to the membrane either indirectly, through interactions with intrinsic membrane proteins, or directly, by interactions with the membrane lipids. Membrane interaction most commonly utilizes a membrane binding or targeting domain (Lemmon, 2008) , such as the C1 (conserved region 1) (Cho, 2001; Colon-Gonzalez and Kazanietz, 2006) , C2 (conserved region 2) (Cho, 2001; Cho and Stahelin, 2006) , PH (pleckstrin homology), and PX (phox) (Ponting, 1996; Wishart et al., 2001) domains (Lemmon and Ferguson, 2000) . However, not all proteins that contain these domains will have the same membrane binding mode (Zhang and Aravind, 2010) .
Successful and sustained interaction of an extrinsic protein with the cell membrane requires the protein to first approach and then bind stably to the membrane surface. A major contribution to the approach of extrinsic membrane proteins to the membrane surface is non-specific electrostatic interactions (Goldenberg and Steinberg, 2010) . These typically involve anionic lipid species and polycationic protein domains, but the opposite, i.e., cationic lipids and anionic protein domains, can also occur (Escriba et al., 2008; Mustonen et al., 1993) . These long-range interactions align the protein into a binding-competent orientation relative to the lipid bilayer (Heimburg and Marsh, 1995; Johnson and Cornell, 1999; Murray et al., 1999) .
The subsequent membrane binding typically involves specific short-range interactions (Cho and Stahelin, 2005) . These can be van der Waals interactions from both the close association of the protein with the membrane surface and from the embedding of hydrophobic moieties-proteinaceous or post-translationally added-into the membrane core (Murray et al., 2002a (Murray et al., , 2002b Stahelin et al., 2006) , as well as electrostatic interactions between specific amino acids or lipid recognition domains and particular lipid head groups such as phosphatidylinositol (Cho, 2001; Khan et al., 2016; Murray et al., 1997; Stahelin and Cho, 2001; Wrabl et al., 2000) . It is these specific electrostatic interactions that govern the localization of extrinsic membrane proteins at a particular site on the membrane surface (Heimburg and Marsh, 1995; Johnson and Cornell, 1999) .
The class I PI-3 kinases are a cell signaling system consisting of extrinsic membrane proteins. These enzymes interact with the inner leaflet of the plasma membrane of the cell, where they convert the relatively abundant embedded membrane lipid phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to the relatively rare phosphatidylinositol 3,4,5-bisphosphate (PIP 3 ) in response to external cell stimuli. The levels of PIP 3 are tightly regulated by the action of phosphatase and tensin homolog deleted on chromosome 10 (PTEN), which converts PIP 3 to PIP 2 in the absence of signal (Flanagan and Shepherd, 2014) .
Of particular interest is the class IA PI3Ka enzyme, which is frequently mutated in many cancers (Samuels et al., 2004; Vadas et al., 2011) . PI3Ka is both a lipid and protein kinase (Buchanan et al., 2013) , and exists as a heterodimer of a catalytic p110 unit and a regulatory p85 subunit. Both subunits consist of multiple domains that facilitate interactions with different protein partners as well as the membrane (Figure 1 ) (Burke and Williams, 2015) . The p110a subunit contains a calcium-independent C2 domain, the catalytic kinase domain, an N-terminal adaptor binding domain (ABD), a Ras binding domain (RBD), and a helical domain, whereas the p85 subunit comprises an SH3 domain, a breakpoint cluster region homology domain, an N-terminal SH2 (nSH2) domain, a coiled-coil inter-SH2 (iSH2) domain, and a C-terminal SH2 (cSH2) domain (Amzel et al., 2008) . PI3Ka is activated downstream of both growth factor receptors and the G-protein Ras, through different mechanisms (Buckles et al., 2017) . Phosphotyrosine residues present in growth factor receptors bind the SH2 domains of the regulatory subunit, relieving an inhibitory effect and also improving the membrane interaction (Buckles et al., 2017; Burke et al., 2012; Hon et al., 2012) . Ras activation involves PI3Ka membrane recruitment (Buckles et al., 2017) via interaction with the RBD in the p110 subunit (Buckles et al., 2017; Gupta et al., 2007; Siempelkamp et al., 2017) . Both Ras and growth factor activation act synergistically (Buckles et al., 2017; Siempelkamp et al., 2017) .
The most common oncogenic mutations in PI3Ka are point mutations in two hot-spot regions that activate the enzyme by different mechanisms. One of these is an H1047R mutation in the C-terminal tail of the p110 kinase domain that increases the membrane binding by inducing conformational changes across the membrane binding interface of the kinase domain, which have an effect on the electrostatic and hydrophobic interactions involved in interaction with the membrane Gkeka et al., 2014; Hon et al., 2012) . Elucidating the molecular detail of these protein-membrane interfaces is fundamental to understanding how these enzymes are regulated.
PTEN also acts on both proteins and lipids, but as a phosphatase. It has tumor-suppressor function via its dephosphorylation of PIP 3 to PIP 2 , which reduces intracellular levels of PIP 3 and so antagonizes the PI3K/AKT signaling pathway, suppressing cell survival and proliferation (Song et al., 2012; Yin and Shen, 2008) . PTEN comprises two major domains, an N-terminal phosphatase domain and a tensin-like C-terminal domain that in turn contains a C2 domain and a tail domain (Figure 1) . The C2 domain is implicated in its recruitment to phospholipid membranes (Das et al., 2003) , which is critical for PTEN to carry out its function.
The association and binding of extrinsic membrane proteins to the membrane is often studied computationally with methods that use approximate or mean-field descriptions of some component of the system. For instance, the electrostatic energy of a protein at the charged planar membrane surface may be determined based on the finite difference Poisson-Boltzmann method Diraviyam et al., 2003; Murray et al., 1997; Murray and Honig, 2002; Singh and Murray, 2003) . Other possibilities include determining the transfer energy of moving a protein from water to a hydrophobic planar slab (Lomize et al., 2007) , or weighting the solvent-accessible surface area of amino acids (Kufareva et al., 2014) . None of these methods are able to evaluate the effect of specific interactions, nor are they able to follow the process of membrane approach and binding. Molecular dynamics (MD) simulations with explicit solvent and lipids incorporate not only the Coulombic and van der Waals contributions to protein-membrane association, but also allow consideration of entropic effects. They are useful for developing hypotheses regarding the influence of lipid composition or amino acids involved in membrane binding, as well as developing a detailed understanding of the molecular details of the binding process.
MD simulations using coarse-grained representations of the protein and lipid have been used extensively to follow the assembly of protein-membrane systems (Bond and Sansom, 2006; Carpenter et al., 2008; Lumb and Sansom, 2013; Scott et al., 2008) , although mostly for intrinsic membrane proteins. While these are adequate for capturing most interactions important for protein-membrane binding, they cannot capture specific hydrogen-bonding interactions due to the lack of atomic-level (A) PI3Ka comprises two subunits, with the p110a subunit comprising an N-terminal adaptor binding domain (ABD, green), a Ras binding domain (RBD, blue), a calcium-independent C2 domain (yellow), a helical domain (gray), and the catalytic kinase domain (red). Only the iSH2 domain (pink) of the p85a regulatory domain was included here. (B) PTEN comprises two domains, a phosphatase domain (red) that carries out the catalytic activity, and a calcium-independent C2 domain (yellow) that mediates membrane binding. In both cases, the membrane binding surface lies at the top of the image shown in the figure. detail. Additionally, the process followed during a coarsegrained simulation may not be the same as that followed during an atomic-level simulation. On the other hand, the size of a protein-membrane system and the time scales involved mean that atomic-level simulation aimed at determining the effect of varying a range of different factors such as mutations to the protein and lipid content of the membrane on the protein-membrane interaction are computationally expensive, particularly given that a substantial portion of the simulation can be spent sampling protein orientations that are unproductive for membrane association rather than the process of association and binding.
We describe here a rotational interaction energy profiling (RIEP) method ( Figure 2 ) for rapidly evaluating the optimal orientation of a protein for membrane association and binding that uses the detailed molecular description and associated energy functions used in MD simulations, without the need to run lengthy simulations to sample the initial stages of protein reorientation and approach to the membrane. Our focus is on the forces that guide extrinsic membrane proteins toward the membrane such that they approach the membrane in a binding-competent orientation. The ability to use lipid bilayers of varying complexity allows the effect of lipid composition on the protein-membrane interaction to be tested. Importantly, residues involved in the protein-membrane interaction can also be identified and ranked based on their contribution, which is not possible with existing methods. We utilize explicit solvent to capture solvation effects so that the interaction potential energies are directly comparable with those sampled during MD simulations. RIEP allows the electrostatically optimal orientation to be used to efficiently seed simulations to follow the process of membrane association, as well as identify the most promising protein variants and membrane compositions to study experimentally. Here we illustrate (A) Each orientation of the protein is generated by rotating the initial coordinates about the x, y, and z axes. The protein and membrane coordinates are combined and the protein iteratively translated until it is the specified minimum distance from the membrane (here 0.5 nm). The system is solvated, energy minimized, and briefly equilibrated, and the protein-membrane interaction potential energies are calculated. (B) Once the most favorable orientation of the protein with respect to the membrane has been identified, the protein-membrane interaction potential energy can be a decomposed into per-residue contributions. (C) Schematic of the RIEP system and procedures showing the protein (magenta) and membrane (gray). See also Figure S1 . our method on two cytosolic proteins that associate extrinsically with the cell membrane, PTEN and the p110a/p85 phosphatidylinositol kinase complex PI3Ka. These enzymes have membrane binding interfaces clearly described by hydrogen-deuterium exchange (HDx) protection experiments Masson et al., 2016) , which allows us to validate our results. We find RIEP predicts a small set of highly similar orientations to have the most favorable protein-membrane interactions, and that Coulombic interactions are the dominant determining factor. The ability to correctly identify the binding orientation depends upon the lipid composition of the membrane. For both PTEN and PI3Ka, the most favorable orientations agree with experiments, and RIEP additionally allows identification of key residues that contribute most to the protein-membrane interaction.
RESULTS AND DISCUSSION
Design and Testing of the RIEP Method RIEP was developed to identify both the orientation of a protein with respect to the membrane surface that is productive for binding, and the amino acid residues that are most involved in the protein-membrane interaction, by evaluating the protein-lipid interaction potential energy at a distance sufficiently close to capture the contribution of individual amino acids while accounting for the effect of solvent through the inclusion of explicit water molecules in the system.
Here, we focus on two extrinsic membrane proteins from the PIP 3 signaling pathway: PTEN and PI3Ka (Figure 1 ). PTEN and PI3Ka work against one other in cell signaling cascades to control the level of PIP 3 in cell membranes. To perform their phosphorylation and dephosphorylation activities, they need to bind the membrane in a way that allows the substrates PIP 2 and PIP 3 to be recognized and accessible to the active site. The membrane binding orientation of both enzymes has been well defined experimentally using HDx protection Masson et al., 2016; Siempelkamp et al., 2017) and, for PTEN, with site-directed mutagenesis (Das et al., 2003) . For PI3Ka, the interface involves parts of the C2, iSH2, and kinase domains facing the membrane Siempelkamp et al., 2017) , while for PTEN it involves parts of both the phosphatase and the C2 domains (Das et al., 2003; Masson et al., 2016) . Site-directed mutagenesis experiments on PI3Ka and other class I PI3K enzymes have also identified specific residues required for membrane interaction. These include positively charged amino acids (Q942 and R949) in the activation loop (Hon et al., 2012; Pirola et al., 2001) , the P loop (K776), and around the recently determined PIP 2 binding site (Maheshwari et al., 2017; Miller et al., 2014) involved in electrostatic interactions with the membrane, and three membrane binding domains (MBDs) in the kinase domain, which comprise residues 721-727, 863-873, and 966-974 (Huang et al., 2007; Mandelker et al., 2009 ). There are also regions of the C-terminal tail that participate in hydrophobic interactions (Hon et al., 2012) , including the hydrophobic WIF motif (residues 1,057-1,059), which is essential for lipid binding.
We investigated the preferred membrane binding orientation and key residues involved in interacting with the membrane of these proteins by carrying out RIEP with two different model membranes: a pure dipalmotoyl-sn-glycero-3-phosphocholine (DPPC) bilayer, where all head groups are neutral, and a mixed lipid bilayer whose head group composition mimics that used in experimental protein-membrane HDx studies Masson et al., 2016) and which contains a combination of neutral and negatively charged lipid head groups, including the PIP 2 and PS required for PI3Ka membrane binding (Hon et al., 2012) .
RIEP Predicts a Narrow Range of Favorable Orientations for Protein-Membrane Association
RIEP predicts that for both PTEN and PI3Ka, a small number of orientations are substantially more favorable than all other orientations for binding to the mixed lipid bilayer. For PTEN, the Coulombic interaction energies range from À453 to 3.52 kJ mol À1 ( Figure 3A) , with only five orientations exhibiting energies below À401 kJ mol À1 (Figure S2B) . Similarly, for PI3Ka, the Coulombic interaction energies range from À596 to 4.32 kJ mol À1 (Figures 3B and 3C) , and a set of six highly similar optimal membrane binding orientations with energies below À526 kJ mol À1 are clearly identified ( Figure S2A ).
Coulombic Interactions Drive Protein-Membrane Association
At 0.5-nm separation, the Coulombic contribution to the proteinmembrane interaction energy for the most favorable orientation dominates the van der Waals contribution by a factor of 18 for PTEN ( Figures S3A and S3B) and by a factor of 24 for PI3Ka ( Figures S3C and S3D) . Thus, in keeping with the established understanding of what drives protein-membrane interactions (Escriba et al., 2008; Goldenberg and Steinberg, 2010; Heimburg and Marsh, 1995; Johnson and Cornell, 1999; Murray et al., 1999; Mustonen et al., 1993) , in particular for these two proteins Gkeka et al., 2014; Hon et al., 2012) , we find that the Coulombic interactions, which act over long distances, are the driving force for attracting these proteins to the membrane.
Favorable Protein Orientations Identified by RIEP Agree with Experiments
The most energetically favorable orientations of these proteins with respect to the membrane computed using RIEP are in keeping with experimental observations and previous computational studies.
The orientation of PTEN with respect to the membrane with the most favorable Coulombic interaction energy has many, although not all, of the residues identified in previous experimental (Das et al., 2003; Masson et al., 2016) and computational (Lumb and Sansom, 2013 ) studies as being important for membrane binding facing the membrane surface ( Figure 3B )-in fact, it would be impossible for all previously identified residues to simultaneously face the membrane, suggesting that each method probes a different aspect of membrane binding. Das et al. (2003) identified two cationic patches in the phosphatase domain as being critical to non-specific electrostatic affinity to a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPC/POPS) membrane-R11/K13/R14/R15 and R161/K163/K164 (the TI loop)-although only the latter patch was identified by Lumb and Sansom (2013) as being important for membrane binding. These authors additionally identified residues R41 (R47 for the 20% PS bilayer), R161, K263, and R335 as making the most contacts with the membrane in the bound state (Lumb and Sansom, 2013) . Masson et al. (2016) found a number of peptides to have reduced HDx upon addition of lipid vesicles. The greatest decreases were for peptides in the phosphatase domain, in particular those encompassing residues 2-7, 35-45, and 72-81, with peptides spanning residues 82-99 and 155-177 (TI loop) also exhibiting a decrease in HDx. In the C2 domain, two C2 loops (calcium binding regions [CBRs]) spanning residues 201-215 and 258-273 in CBR1 and CBR3, respectively, had moderately reduced HDx, as did the peptide spanning residues 316-330, which incorporates the Ca2 loop.
In the RIEP results, residues 41, 42, and 47 from the arginine loop and 260-266 from CBR3 all face the membrane and are sufficiently close (within 0.9 nm of the membrane surface) to potentially contribute to the Coulombic interaction energy, and additional residues from these loops and residues 212 and 214 from CBR1 also face the membrane but are further away. Residues 161-169 of the TI loop also face the membrane, as do residues 74-80 from the 72-81 peptide, D92, which is critical for catalysis, 322-330 from the 316-330 peptide, and residues R14 and R15 identified by Das et al. (2003) and R336 identified by Lumb and Sansom (2013) . Residues 1-14 were not included in the RIEP as they are not resolved in the electron density . The main discrepancies between the most favorable orientation for membrane association identified here and the residues previously identified to be important is that residues 82-89 identified by Masson et al. (2016) lie on the side of PTEN rather than the membrane-facing surface. However, given that these residues lie on opposite side of the protein to residues 316-330, it would be impossible for both to face the membrane simultaneously.
The orientation of PI3Ka with respect to the mixed lipid bilayer with the most favorable Coulombic interaction energy matches the binding orientation inferred from HDx protection data Siempelkamp et al., 2017) , with the regions that show reduced HDx upon binding to lipid vesicles facing the membrane surface ( Figure 3D) , along with the MBDs (Huang et al., 2007; Mandelker et al., 2009) and the WIF motif. MBD1 includes the putative second PIP 2 binding site identified by Miller et al. (2014) , and K776, shown by Maheshwari et al. (2017) to be essential for lipid recognition, which additionally face the membrane surface. Other regions of PI3Ka shown to be required for kinase activity and lipid binding are helix ka12 (residues 1,060-1,068) and the hydrophobic WIF motif (residues 1,057-1,059) (Hon et al., 2012) . While ka12 was not included in our PI3Ka model due to not being resolved in the crystal structure (PDB: 4A55 [Hon et al., 2012] ), the WIF motif is oriented toward the membrane surface ( Figure 3D) . Similarly, residues H936 in the activation loop and H917 in the catalytic loop, required for lipid and both lipid and protein kinase activity, respectively (Maheshwari et al., 2017) , face the membrane surface, as do residues in the P loop, including K776, essential for recognition of lipid substrates (Maheshwari et al., 2017) (Figure 3D ). Of the other residues identified by Burke et al. (2012) as having decreased HDx upon lipid binding, residues 720-744, which lie in the kinase domain near ABD-kinase domain interface, and residues 720-728, which are involved in binding a second PIP 2 molecule in the 4OVV crystal structure (Miller et al., 2014) , face the membrane surface, suggesting that the second PIP 2 binding site may have a role in orienting PI3Ka for membrane binding. Burke et al. (2012) additionally identified residues 100-127 in the RBD-ABD linker as having increased HDx upon lipid binding, but attributed this to movement of the ABD domain required to allow for proper orientation of the kinase domain at the membrane. Here, these residues face away from the membrane surface.
Protein Orientation Depends on Membrane Lipid Composition
Protein-membrane interactions could be affected by the shape of the protein, in particular the area of the membrane binding (B and D) Two views of the most favorable orientation of (B) PTEN (silver ribbon, E pot Coul = À453 kJ mol À1 ) and (D) PI3Ka (silver ribbon, E pot Coul = À596 kJ mol À1 ) with respect to the membrane (gold lines). In PTEN, the Arg loop is in red, WPD loop in green, TI loop in blue, CBR1 loop in magenta, CBR3 loop in cyan, and Ca2 loop in orange, and in PI3Ka the MBD1 is in green, MBD2 in blue, MBD3 in magenta, and the WIF motif in red. See also Table S1 ; Figures S2 and S3. surface, as well as by electrostatic interactions. We tested the effect of shape by carrying out RIEP for PI3Ka and PTEN with a pure DPPC bilayer. Unlike the mixed lipid bilayer, where the inclusion of PIP 2 and POPS creates an overall negative charge on the bilayer surface, DPPC has a net charge of zero. As expected, the overall protein-membrane interaction potential energy in the presence of DPPC is greatly reduced compared with that in the presence of the mixed lipid bilayer, due to substantial reduction in the magnitude of the Coulombic contribution to the protein-membrane interaction potential energy ( Figures  S3C-S3F) , so that the four most favorable orientations of PI3Ka have Coulombic interaction energies of À90 to À100 kJ mol À1 (Figure S2C ) and the two most favorable orientations of PTEN have energies of À76 to À99.1 kJ mol À1 (Figure S2D ). These energies are of the same order of magnitude as the van der Waals contributions, suggesting that shape plays a more dominant role in binding to the DPPC bilayer than it does with the mixed lipid bilayer.
To determine whether these effects are due to different numbers of atoms contributing to the non-bonded interaction energies or due to different magnitudes of energies, we computed the per-atom Coulombic and van der Waals interaction energies for three different orientations of PI3Ka with respect to each type of bilayer (Table S1 ). We find that the most favorable orientation of PI3Ka with respect to the mixed lipid bilayer has a similar number of atoms that contribute to the non-bonded interaction energy as other orientations, whereas for the DPPC bilayer the top-ranked orientation has substantially more contributing atoms. Consequently, although the per-atom van der Waals contribution is very small and highly similar across the different protein orientations and bilayers, the van der Waals protein-bilayer interaction energy for the most favorable orientation of PI3Ka with respect to the DPPC bilayer is substantially higher due to the much larger number of atoms that contribute. In contrast, while the more negative Coulombic interaction energy for the most favorable orientation of PI3Ka with respect to the DPPC bilayer is due to a combination of a slightly more favorable per-atom interaction energy and a greater number of interacting atoms, for the mixed lipid bilayer it is almost entirely due to highly favorable per-atom energies. These results confirm that for the DPPC bilayer, shape complementarity that places more atoms close together is important, whereas for the mixed lipid bilayer, favorable interactions between oppositely charged atoms are the primary driving force behind the approach of the protein to the bilayer.
The four most favorable orientations of PI3Ka detected by conducting RIEP with the DPPC bilayer are all highly similar (Figure S4A ), but differ from both the experimentally determined binding orientation and those predicted by RIEP using the mixed lipid bilayer (Figures 4 and S4B) . With the DPPC bilayer, the known MBDs and the C2 and iSH2 domains face away from the membrane surface (Figures 4 and S4A) , whereas the six highly similar optimal orientations of PI3Ka with respect to the mixed lipid bilayer (Figure S4B Intriguingly, the most favorable orientation identified for PTEN with the DPPC bilayer presents part of the membrane binding surface identified in previous computational (Lumb and Sansom, 2013) and experimental (Das et al., 2003; Masson et al., 2016) studies to the membrane (Figure 4 ). This includes residues R14/R15 and R161/K163/K164 from the two cationic patches in the phosphatase domain, comprising residues R11/K13/ R14/R15 and R161/K163/K164, identified by Das et al. (2003) as being critical to non-specific electrostatic affinity to a POPC/POPS bilayer. Both regions are also among the peptides identified by Masson et al. (2016) as having reduced HDx upon addition of mixed lipid vesicles, but only the latter patch was identified by (Lumb and Sansom (2013) as being important for membrane binding. In comparison, with the mixed lipid bilayer, neither of the two cationic domains directly faces the membrane. Lumb and Sansom (2013) calculated similar membrane binding orientations for a pure phosphatidylcholine (PC) or 80% PC/20% phosphatidylserine (PS) bilayer using selfassembly simulations, suggesting that the eventual manner in which PTEN binds to the membrane is not strongly dependent on lipid composition. In contrast, RIEP predicts the orientation most likely to lead to binding; thus the different orientation found here for the DPPC bilayer suggests that the orientation in which PTEN approaches the membrane, which depends predominantly on long-range Coulombic interactions, differs depending on membrane lipid composition. This is in keeping with suggestions that the phosphatase domain is essential for electrostatically driven membrane binding Vazquez et al., 2000) while the C2 domain plays an indirect role, with its C-terminal tail promoting stability (Georgescu et al., , 2000 .
The 6-fold decrease in the total Coulombic protein-membrane interaction potential energy between the mixed lipid bilayer and the pure DPPC bilayer for the most favorable orientation of PI3Ka and the 4-fold decrease for the most favorable orientation of PTEN can be attributed largely to the lack of anionic PIP 2 and PS lipids. This highlights the importance of membrane composition in generating the non-specific electrostatic interactions that attract many membrane-associated proteins to the membrane surface, and thus the importance of accounting for membrane composition in in vitro and in silico studies. Additionally, orientations of PTEN and PI3Ka in keeping with experimental results are only found when carrying out RIEP using the mixed lipid bilayer, suggesting that for these proteins, shape is not sufficient to determine the membrane binding orientation.
RIEP Identifies Key Residues Involved in Membrane Association
To dissect the function of different charged regions across the membrane binding interface and manipulate protein-membrane interactions, it is essential to be able to predict which protein residues play the largest role in promoting interaction with the membrane. An important strength of RIEP is quantitative evaluation of the contributions of individual residues, which is achieved by decomposing the protein-membrane interaction energy for the most favorable orientation for association into individual residue contributions. PTEN The favorable Coulombic interaction energy of the most favorable orientation of PTEN for association with the mixed lipid bilayer comes from six amino acids, and mostly from K263 and R41 ( Figure S4C) , two of the four residues identified by Lumb and Sansom (2013) as making the most contacts with the membrane in the bound state. K263 lies in the third Ca 2+ binding region (CBR3), along with the basic residues K260, K263, K266, K267, and K269 (Rahdar et al., 2009) , and R41 is in the arginine loop, both regions identified by Masson et al. (2016) as having reduced HDx upon membrane binding. Several other residues from these loops (42, 47, (260) (261) (262) (263) (264) (265) (266) have atoms within 0.9 nm of the membrane surface, with residues K260, N262, M264, and L265 also making favorable Coulombic contributions, and additional residues from these loops and from CBR1 have atoms within 1.4 nm.
PI3Ka
For PI3Ka, while the top-ranked orientations have nine residues with atoms within 0.9 nm of the membrane surface, the favorable Coulombic interaction energy can also be assigned to just four ( Figure S4D ), namely K448, L449, H450, and N453, in the iSH2 domain of the p85a regulatory subunit. Four of the other residues are also in the iSH2 domain, namely E451, Y452, T454, and Q455, but do not contribute favorable Coulombic energies, due to being too far from any oppositely charged moieties. These residues all lie within the first of three peptides found by Burke et al. (2012) to have increased HDx upon binding of PI3Ka to lipid vesicles (residues 444-456, 556-570, and 571-581), suggesting that while these residues may be involved in the initial approach to the membrane via indirect contributions to the protein-membrane interaction energy, they do not bind directly to the membrane. In further agreement with the lack of a direct role of these residues in PI3Ka function, mutation of residues R461 and R465 to glutamate did not alter PI3Ka activity, although lipid binding was not directly probed (Maheshwari et al., 2017) .
The remaining residue with atoms within 0.9 nm, R949, lies in the activation loop and, along with K942, is critical for lipid substrate recognition and binding of PI3Ka to liposomes (Hon et al., 2012) . K942 points away from the membrane surface and is masked by the loop formed by residues 1,190-1,208 at the end of the iSH2 domain, a conformation likely influenced by crystal contacts for which 50 ns is insufficient to fully relax (Hon et al., 2012) .
RIEP uniquely probes residues that are involved in the approach of an extrinsic membrane protein to the membrane, which is difficult to separate from binding when studied experimentally. Here we provide predictions of residues involved in the association process, which we find to be a restricted subset of the residues shown experimentally to be involved in binding.
Conclusion
The RIEP method rapidly evaluates the most favorable protein-membrane interactions at the level of both overall protein orientation with respect to the membrane and important residues involved in membrane binding. The method successfully reproduced the known membrane binding interactions and membrane composition preferences, in particular a preference for anionic lipids, for the phospholipid signaling proteins PTEN and PI3Ka. The identification of the most likely binding orientation of a protein with respect to the membrane provides an efficient means of selecting initial coordinates for simulation of the membrane binding process. Amino acids important in membrane binding can also be identified and ranked by their contribution, providing hypotheses about the drivers of the protein-membrane interaction that can be tested experimentally by site-directed mutagenesis. Together, these two facets also allow prediction and testing of the response of protein-membrane interactions to different membrane lipid compositions.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: probable estimate of the protein-membrane interaction energy, thus the results reported here include the energy minimisation step, so that the energy is evaluated at the post-minimisation protein-membrane distance.
At each orientation, the system was solvated with explicit water, energy minimised for 1000 steps of steepest descent, and subjected to a short molecular dynamics (MD) simulation (25 integration steps) as described below to allow relaxation of the water molecules prior to evaluating the van der Waals and Coulombic interaction potential energies between the protein and the membrane. The contributions of individual residues at a particular orientation were determined by re-computing the Coulombic and van der Waals interaction energy for each residue within the relevant cut-off distance.
The RIEP calculations take approximately 1.5 CPU hours per orientation, with the majority of this time spent on energy minimisation due to the large water box required to prevent contributions from interactions with the opposite surface of the bilayer. Our wrapper script distributes the jobs across multiple compute nodes on a compute cluster; typically, the RIEP calculations required approximately 54 hours of elapsed real time.
